Reservoirs change downstream thermal regimes by releasing water of different temperatures to that under natural conditions, which may then alter downstream biodiversity and ecological processes. The hydropower exploitation in the mainstream Lancang-Mekong River has triggered concern for its potential effects on downstream countries, especially the impact of the released cold water on local fishery production. However, it was observed recently that the annual water temperature downstream of the Jinghong Reservoir (near the Chinese border) has increased by 3.0 • C compared to its historical average (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004). In this study, a three-dimensional (3D) model of the Jinghong Reservoir was established to simulate its hydro-and thermodynamics. Results show that: (1) the impoundment of the Jinghong Reservoir contributed about 1.3 • C to the increment of the water temperature; (2) the solar radiation played a much more important role in comparison with atmosphere-water heat exchange in changing water temperatures; and (3) the outflow rate also imposed a significant influence on the water temperature by regulating the residence time. After impoundment, the residence time increased from 3 days to 11 days, which means that the duration that the water body can absorb solar radiation has been prolonged. The results explain the heating mechanism of the Jinghong Reservoir brought to downstream water temperatures.
Introduction
The riverine environment can be influenced by reservoirs and dams, as well as their operations in many forms, including the changing of riverine thermal regimes and downstream water temperatures [1] [2] [3] . The health, distribution, and functions of aquatic creatures can be influenced by water temperatures [4] [5] [6] [7] , so the extensive construction of dams worldwide has long drawn attention to potential effects of damming on downstream thermal regimes [2, 8] .
Generally, the impact degree of a dam on downstream thermal regimes is decided by its mode of operation and specific mechanism of water release [9] . Many large dams release water from deep portals which are located under the thermocline, namely the hypolimnetic layer of a reservoir. As a result, the cold water is released to the downstream thermal regimes [2, [10] [11] [12] . This case was rarely reported, but some small dams release water from above the thermocline, namely the epilimnetic layer, so temperatures of the downstream water increase [7] .
In addition to annual water temperature, reservoirs also influence seasonal thermal patterns of downstream water. In general, in large reservoirs, the moderate temperatures of downstream water in spring and summer are lower than those in winter when the seasonal fluctuations decrease, while they also display a delay of maxima in comparison with natural rivers [2] . Such phenomena were observed water is shallow [53] [54] [55] . These models include the North Sea Model [56] , the Tokyo Bay Model [57] , the Haringvliet Model, and the depth-averaged mathematical model developed by McGuirk and Rodi [55] .
Despite the extensive use of 1D and 2D models, the limit in one-dimensional or vertical and lateral averaging has long been realized and the needs for 3D modeling of lakes and reservoirs have raised more discussion [58] [59] [60] [61] . In the past decades, the complex water quality models and 3D hydrodynamic models have been developed thanks to the high-performing super computers at a reasonable cost, as well as the efficient numerical algorithms [62] . The mentioned models include the Curvilinear-grid Hydrodynamics model in three dimensions (CH3D) [63] , the Estuarine, Coastal, and Ocean Model (ECOM) [64] ; the Environmental Fluid Dynamics Code (EFDC) [65] ; the CE-QUAL-ICM model [66] ; the model of Water Quality Analysis Simulation Program (WASP) [67] ; the Delft3D-FLOW model [68] ; the Row-Column AESOP (RCA) model [69] ; and the MIKE 3 model by DHI Water and Environment [70] .
In order to analyze the complex 3D hydrodynamic and thermodynamic processes more deeply, it is necessary to establish 3D models. Nevertheless, researchers have so far rarely established 3D models for simulation of the environmental and thermal results of damming along the Lancang River [19] in view of the high cost of computation and the lack of observational data. Nowadays, with computational resources and enough pre-dam and post-dam measurement data, we are capable of conducting 3D simulations at the Jinghong Reservoir. The Delft3D-FLOW model was selected for the simulations as it has been widely used around the world and evidence proves that it can simulate sediment transport, flows, water quality, waves, morphological developments, and ecological courses in coastal regions, rivers, and lakes [71] [72] [73] [74] [75] [76] [77] [78] . After model calibration, the 3D model of the Jinghong Reservoir was used to simulate the thermodynamic and hydrodynamic situations in the reservoir, as well as the related outflow. The research also carried out some numerical experiments to analyze the heating impact brought by the Jinghong Reservoir to downstream water.
Study Area
The Jinghong Reservoir system is located in the lower reaches of the Lancang River, which is, in general, a south-flowing river in southwestern China, and called the Mekong River when entering Laos (Figure 1 ). This system is defined by the Nuozhadu Dam (22 • 
Observation Data
The two hydrological stations involved in the study area are the Nuozhadu Hydrological Station (NHS) and the Yunjinghong Hydrological Station (YHS), both located on the right bank of the river, with the former 5 km downstream of the Nuozhadu Reservoir, and the latter 3 km downstream of the Jinghong Reservoir. Both NHS and YHS are located at the riverine section of the water body, and the fully mixing assumption can be applied. Accordingly, point-measured water temperature can be used as an indicator of the cross-sectional water temperature. To measure the water temperature, water pressure, and air pressure, a Hobo Onset U20-001-02 water level data logger (U20 hereafter) is adopted at each hydrological station on an hourly basis throughout the study period. The water level at each station is computed by:
where P total (Pa) is the U20-measured pressure underwater (water pressure and air pressure), P air (Pa) is the U20-measured atmospheric pressure by the river bank, P water (Pa) is the pressure of pure water, and H U20 is the depth of the U20, from which water levels are computed. The discharge at YHS is further computed using its rating curve obtained from the Water Resources Department of Yunnan Province, China [79].
Observation Data Analysis

Comparison with Historical Water Temperature
To illustrate the annual variations of water temperature at NHS and the Jinghong Reservoir, in situ observations were conducted ( Figure 2 ). Water temperatures almost changed synchronously at the two sites throughout the year, with NHS always displaying a lower temperature (a mean difference of 2.2 • C) than the other. This systematic temperature difference reflected the latitude difference between the two sites as water flowed south, a phenomenon not observed at reservoirs flowing in other directions. According to a study on the Cougar Reservoir (an eastern-flowing reservoir in the U.S.), the peak of outflow water temperature lagged about 2 months behind that of inflow, but the inflow and outflow temperatures shared the same maximum and minimum values [80] , indicating no large amount of energy was taken in, or lost, as the water body flowed into the reservoir. 
Discharge and Water Temperature
Observed water temperatures at YHS were compared with outflow rates from the reservoir in Figure 3 . As they were inversely correlated, the discharge rate of the Jinghong Dam could also be a potential factor behind the water temperature alteration. 
Methods
The Delft3D-FLOW Model
The numerical hydrodynamic modeling system-the Delft3D-FLOW model-was developed by Deltares [68] , a Dutch-based research institute. The Delft3D-FLOW software used for this study is based on Fortran and acquired from Delft3D website (https://oss.deltares.nl/web/delft3d/). With Delft3D-FLOW, the 2D (based on averaged depth) and 3D shallow water equations that were unsteady could be solved. The equation system comprises momentum equations in the horizontal plane, the continuity equation and the transport equations of conservative elements [68] . The basic equations are retained in their original form and are not changed in this study, which are introduced briefly as follows.
As for the hydrodynamic equations, Delft3D-FLOW is used for the solution of the Navier-Stokes equations with regard to a fluid which is incompressible under the assumption of Boussinesq and the shallow water environment [81] . In the equation of vertical momentum, the accelerations in the vertical direction are omitted, leading to the equation of hydrostatic pressure. Vertical speeds are computed according to the continuity equation in 3D models. The set of partial differential equations, together with a proper set of boundary and initial situations is solved via a mesh with finite differences. Delft3D-FLOW uses orthogonal curvilinear Cartesian coordinates (ξ, η) in the horizontal direction. Two different vertical grid systems are offered by Delft3D-FLOW, vertically: the Cartesian Z coordinate system (Z-model) and the σ coordinate system (σ-model). The σ coordinate system was first introduced by Phillips [82] and it is applied in this research.
To obtain the continuity equation with averaged depth, the continuity equation shall be integrated for incompressible fluids (∇• → u = 0) based on the total depth, wherein the conditions of the kinematic boundary on the bed level and at the water surface are taken into account. It is expressed as follows:
where ζ (m) is the water level on a number of horizontal planes of reference (datum), the coefficients G ξξ and G ηη (m) are used for transformation from curvilinear coordinates to rectangular coordinates, t (s) is the time, d (m) is the depth under a number of horizontal planes of reference (datum), U (m s −1 ) is the depth-averaged speed in ξ-direction, V (m s −1 ) is the depth-averaged speed in η-direction, and Q (m s −1 ) is the contributions made for each unit area because of the withdrawal or release of water, evaporation and precipitation.
The momentum equations in ξ-direction and η-direction are expressed as follows:
∂u ∂t
∂v ∂t Reynold's stresses F ξ and F η are simulated on the basis of the concept of eddy viscosity [83] . The eddy viscosities in vertical and horizontal directions are as follows:
where v 3D is the viscosity computed with the 3D k-ε closure scheme, v back H is the user-defined background horizontal viscosity, v back V is the user-defined background vertical viscosity, ν mol (m 2 s −1 ) is the kinematic viscosity (molecular) coefficient of water.
Transport of heat and matter is simulated by an equation of advection diffusion in three coordinate directions, and is expressed as follows:
where
is the first order decay course and S (kg m −2 s −1 ) is the source and sink terms in the unit area generated from the withdrawal or release of water and/or heat exchange on the free surface. The diffusion coefficient in the horizontal direction is user-specified, whereas the coefficient in the vertical direction is computed as follows:
where D SGS is the 2D part of diffusion based on the turbulence model of sub-grid scale, D back H is the user-defined eddy diffusivity in the horizontal direction, D back V is the eddy diffusivity in the vertical direction, σ mol is the Prandtl-Schmidt number for molecular mixing, and D 3D is the diffusion due to turbulent eddy viscosity [68] .
Model Set-Up
Grid Coverage
Along the river flow direction, the upper boundary of the model is set to the Nuozhadu Hydrological Station, whereas the lower boundary of the model is set to the Jinghong Dam. With a longitudinal length of about 95 km, the model covers most parts of the Jinghong Reservoir. The computational grid of the Jinghong Reservoir hydrodynamic model is shown in Figure 4 . Grid density varies with topography, i.e., in order to increase the computation accuracy, finer horizontal grids have been placed at the part of the reservoir close to the Jinghong Dam, resulting in a total of about 11,000 horizontal grid cells per layer. Meanwhile, for the vertical direction, the σ coordinate system (σ-model) is applied, with the reservoir discretized into 40 vertical layers, with each layer less than 2 m in thickness. 
Boundary Conditions
The upper boundary is set at the water level at NHS and the lower boundary is set at the discharge rate downstream of the Jinghong Dam. The terrain data is extracted from a digital elevation model (DEM) with a spatial resolution of 25 m × 25 m.
Meteorological Data and Model Flow Chart
Restrained by the poor data availability, the simulation only covers a period from 20 December 2014 to 22 May 2015. The computational time step is set to 1 minute to meet the demand of numerical stability, as well as computational efficiency.
Meteorological data for this study, which is obtained from the Jinghong National Meteorological Station ( Figure 5 ), is not readily available. As a result, such data is only gathered for a relatively short period, from 20 December 2014 to 20 May 2015, which also defines the study period for this research. These data include local air temperature data, relative humidity data, and solar radiation data with a temporal resolution of 1 day. We acknowledge that it would be better if a full year simulation could be conducted. However, due to solar radiation data availability, 5-month simulation is the best we can practice at the current stage. Similar simulations with temporal coverage of less than 1 year can also be found in the literature [84] [85] [86] . 
Model Calibration and Validation
The warm-up period of this study occurs from 22 December 2014 to 31 January 2015. For the purpose of verifying the hydro-dynamic condition of this simulation, the simulated water levels were firstly calibrated against measurements. As the model output temporal resolution was 10 minutes, the hourly average for simulated water levels was calculated for comparison. Data on 2 days' on-site observed water levels at Simao Harbor were provided by field experiment. The best match of the model output and measured data ( Figure 7) were achieved by applying critical parameters, as shown in Table 1 . Five main parameters were calibrated by Chanudet et al. (2012) : the Chezy's coefficient, which represents the roughness at the water bottom, background horizontal and vertical eddy viscosity, and background horizontal and vertical eddy diffusivity. The studied range of Chezy's coefficient can be referred to Chow (1959) , while the range of the background eddy viscosity and diffusivity can also be referred to in previous studies [87] [88] [89] . The focus of the calibration then shifted to outlet water temperatures downstream the Jinghong Dam. As YHS was within 3 km downstream of the Jinghong Reservoir in the riverine section of the water body, the simulated outlet water temperature was compared with the measured water temperature at YHS for calibration, with the difference between the two shown in Figure 8 . The simulated results were in good agreement with measurements, with the absolute error limited to 1.5 • C. Compared with measurements, the Jinghong Reservoir model produced good simulations of water temperatures. Nevertheless, since insufficient observations of the water velocity fields were available, no comparison concerning water velocity was carried out either for calibration or for validation.
Numerical Scenario Setups
As presented in Section 2.2, three main issues are ought to be found out through numerical modeling: the impact of impoundment of Jinghong Reservoir; the contributing factor to water temperature increment; and the relation between outflow rate and outflow temperature from Jinghong Dam. The wind speed and relative humidity were precluded as the driving forces and several numerical experiments were performed ( Table 2) .
Impact of Impoundment of the Jinghong Reservoir
A control run (CTL) was set up as described in Sections 3.2 and 3.3. S1 (i.e., scenario 1) was set up to examine the impact of the impoundment of the Jinghong Reservoir, in which the Jinghong Dam was removed and the water body returned to the natural river conditions. A depth-averaged two-dimensional flow model with the same horizontal grid discretization was set up, with the upper boundary condition as described in Section 3.2.2, the Q-H rating-curve adapted as the downstream boundary condition and the atmospheric data as for CTL.
Contributing Factors
To examine the contribution of solar energy to the increase of water temperatures, S2 was imposed with no solar radiation. To further evaluate the impact of heat exchange with the overlying atmosphere on water temperature, atmosphere-water heat conduction, together with solar radiation was turned down in S3.
Outflow Rate and Outflow Temperature
Different scenarios were further established so as to investigate the relationship between the outflow rate and the outflow water temperature at the Jinghong Dam. The water temperature measured at YHS was constantly higher than the one measured at NHS, suggesting that the water parcel experienced an energy absorption process travelling from NHS to YHS. In addition to the rate of energy transfer, the amount of energy absorbed by the water parcel was also determined by the duration of the absorption process. The outflow rate directly affected the time during which the water parcel absorbed energy. In order to measure the duration of the energy absorption process, the tracer function of the model was enabled. The duration of energy absorption is represented by the resident time of the tracer. Different scenarios were established to assess the relationship among the outflow rate, resident time, and inflow-outflow temperature difference. In addition, for the sheer size difference between the Nuozhadu Reservoir (upstream) and the Jinghong Reservoir (downstream), the Jinghong Reservoir's outflow rate was determined by the outflow rate of the Nuozhadu Reservoir. To further simplify the simulation, an assumption was made that the Jinghong Reservoir's inflow rate is equal its outflow rate. The inflow water temperature at the upper boundary was set to the same as for CTL. The simulation duration remained the same as CTL.
The real outflow rate for the Jinghong Reservoir ranged from 536 to 3398 m 3 s −1 and with an annual average of 1674 m 3 s −1 in 2015. Eight scenarios were established to examine the effect of outflow rates of the Jinghong Dam, with outflow rates prescribed from 500 to 4000 m 3 s −1 , with 500 m 3 s −1 as intervals. The eight scenarios had been denoted as F1-F8 in the study. 
Results and Discussion
Thermal Structure of the Jinghong Reservoir
Covering a distance of 105 km, the Jinghong Reservoir has a water depth roughly increasing along the direction of the river flow. The thermal structure along the reservoir from 10 km down the Nuozhadu Dam to the Jinghong Dam (about 90 km) is shown in Figure 9 (3 days corresponding to different months were selected for demonstration). Generally, the water temperature was almost homogeneous during the cool season from December 2014 to February 2015. As the air temperature increased from February on, a warmer water layer appeared at the surface, which eventually developed into a weakly stratified thermocline at the depth of approximately 5 m by the end of May 2015. Unlike many natural lakes, which experienced overturn in early spring, no overturn was observed during the study period at the Jinghong Reservoir, as it was a tropical one and the surface water temperature never went below 4 • C.
During the study period, only weak stratification was observed in the Jinghong Reservoir in May with the surface-bottom temperature difference reaching only 3 • C. In comparison, much stronger stratifications were reported at other deep reservoirs along the Lancang River after impoundment. For example, the Nuozhadu Reservoir (upstream reservoir to the Jinghong Reservoir) experienced a surface-bottom temperature difference of 10 • C in summer and the largest temperature difference in the Xiaowan Reservoir even reached 14 • C [90] . One main reason is the depth difference between these reservoirs. The Jinghong Reservoir is 70 m deep, while the Nuozhadu and Xiaowan Reservoirs are much deeper, each more than 200 m. By preventing solar radiation and wind-driven eddy penetration, large water bodies in these two deep reservoirs retard heat transfer and are difficult to reach a homogeneous temperature. Another reason is the water exchange index, or the α index, which is a widely used approach [91] in identifying reservoir thermal structures, defined by:
where w (m 3 ) is average annual inflow and v (m 3 ) is the total capacity of the reservoir. When α ≤ 10, the reservoir is stably stratified; when 10 < α < 20, the reservoir is unstably stratified; when α ≥ 20, the reservoir is mixed. The α index of the Jinghong Reservoir is much higher compared with that of the other two ( Table 3) . The large quantity of annual inflow (~25 times that of reservoir capacity) serves as a major disturbance, leaving the water body well mixed. Vertically, the water columns along the reservoir showed almost no stratification regardless of their location and depth. The water temperature difference between surface and bottom was less than 1 • C in the first 40 km along the reservoir in all simulated time, while its maximum of 3 • C was reached at the Jinghong Dam in May. Longitudinally, water surface temperature rose as the river flowed southward, with its value down the Nuozhadu Dam increasing from around 18.5 • C all the way down the river, to approximately 22 • C before the Jinghong Dam. Temporally, water temperature changed in accordance with air temperature. When the air temperature was lower than the water temperature in January and February, the water temperature experienced a drop, while when the air temperature was higher than the water temperature from March to May, the water temperature rose. However, the water temperature variation also increased longitudinally, with the variation down the Nuozhadu Dam being only 0.5 • C and reaching 3 • C at the Jinghong Dam. 
Impact of Solar Radiation and Air Temperature
The absorption of solar radiation and atmosphere-water heat conduction are the two main heat exchange mechanisms governing a water body and the environment. Therefore, the contribution to water temperature alteration provided by solar radiation and atmosphere-water heat conduction can be revealed by comparing the model results of S2 and S3. By removing solar radiation, scenario S2, a notable water temperature drop with a mean value of 3 • C compared with CTL ( Figure 10 ) has been observed. In fact, the water temperature simulated by S2 is rather close to the one measured at the NHS with a mean difference of only 0.4 • C. This indicates that the water parcel does not take in or emit substantial energy while traveling from the NHS to YHS. By further neglecting atmosphere-water heat conduction, S3 produces similar water temperature profiles to the ones of S2. The mean simulated temperature in these two scenarios differs about 0.3 • C, which suggests that the solar radiation, rather than the atmosphere-water heat conduction, plays the dominant role in altering water temperature. Moreover, the difference between S2 and S3 (S2 minus S3) varies with season. The difference reached its maximum (about 0.8 • C) in January and February when air temperature was significantly lower than the water temperature, signifying the water energy loss to the atmosphere. However, in May, when air temperature was substantially higher than the water temperature, the difference is positive (about 0.2 • C), indicating the overlying air heats up the water body. The difference between the simulated water temperature in scenarios CTL and S3 at the YHS was taken as the total impact of solar radiation and air temperature and the weekly contribution (percentage) of both factors were evaluated (Figure 11) . Overall, the solar radiation's contribution to the water temperature increment was 106.7%. However, the contribution of air temperature was −6.7%, which suggests that atmosphere-water heat conduction has a decreasing effect on water temperature during the study period. In addition, it is worth observing that the contribution of air temperature is largely dependent on the air-water temperature difference and may vary with simulation periods. When the air temperature was significantly lower than the reservoir water temperature in January and February 2015 (left side of the vertical blue line in Figure 10 ), its contribution could reach as much as −24%. When the air temperature approached and eventually exceeded the water temperature, the air temperature's contribution to the water temperature increment, became more significant. Figure 11 . Respective contributions of solar radiation and atmosphere-water heat exchange to the water temperature at the YHS on a weekly scale. Negative contribution values mean that the factor had a decreasing effect on water temperature. Contribution values are computed based on the extent of water temperature changes, taking the water temperature difference between CTL and S3 as 100%.
Impact of Outflow Rates
A negative correlation between outflow rates and outflow temperature has been observed in Section 2.2.2. For reservoirs with small capacities, a negative relationship between outflow rates and outflow temperature has been reported [92, 93] . To further analyze the impact of outflow rates, we carried out eight scenario experiments with different outflow rates ranging from 500 to 4000 m 3 s −1 .
One and a half period of the tracer concentration has been designed so as to easily differentiate the respective peak concentration value from outflow, which would increase the readability of the residence time. However, the temporal length of the period is not much restrained, as long as it is longer than the longest residence time studied and shorter than the simulation period, it would be sufficient in explaining the problem. Using seven different concentrations instead of a single concentration would also increase the readability. Additionally, under different scenarios, the diffusion effect is also associated with the residence time. By using seven different concentrations, the tracer effect could be observed from both temporal and amplitude points of view.
Outflow rates regulate the residence time of the reservoir. By definition, the residence time refers to how long a parcel, starting from a specific location within a water body, will remain in the water body before exiting [94] . Generally, the residence time decreases as the outflow increases, which results in a shorter duration available for the water parcel to interact with heat sources/sinks (mainly solar radiation and ambient). Thus, its temperature would result closer to the one of the upstream water body. Residence time has been widely used to describe the variability of the lake thermal structure, isotopic composition, alkalinity, dissolved organic carbon concentration, elemental ratios of heavy metals and nutrients, mineralization rates of organic matter, and primary production [95] [96] [97] [98] [99] [100] .
The tracer methodology mentioned in Section 3.4 was applied to measure the residence time in different scenarios. The tracer was released at the Nuozhadu Reservoir with cyclical concentration peaks ranging from 1 to 7 mg m −3 at 1 mg m −3 intervals (Figure 12a) . Tracer concentrations at the YHS were recorded. We computed the residence time by:
where T re is the residence time,t i1 is the time of inflow tracer peak of 1 mg m −3 , t i7 is that of 7 mg m −3 , t o1 is the time of outflow tracer peak corresponding to t i1 and t o7 is that corresponding to t i7 . When the outflow rate was extremely high at 4000 m 3 s −1 , the residence time was only about 4 days. On the other hand, when the outflow rate was relatively low at 1000 m 3 s −1 , it took about 11 days for a water parcel to exit the water body. Generally, the residence time decreased exponentially with the outflow rate and the two variables were highly correlated with a correlation coefficient (R 2 ) of 0.9999 (Figure 12b) . Afterwards, the simulated outflow water temperature at the YHS was averaged during the study period. We used the temperature difference, the averaged outflow temperature minus the averaged inflow temperature, to indicate the temperature changes under different scenarios (F1-F4) . Results based on the eight scenario experiments suggested that water temperature difference and outflow rate were also exponentially correlated with an R 2 of 0.9997 (Figure 13a) . Thus, water temperature difference increased linearly with residence time with an R 2 of over 0.9977 (Figure 13b) .
To sum up, in the case of the Jinghong Reservoir, outflow rates regulate the residence time. The larger residence time means that the water body is able to absorb more solar energy and, thus, gain a larger temperature increment. Nevertheless, this conclusion is only valid under certain conditions: On one hand, the solar radiation and the atmosphere play a positive role in regulating water temperature; on the other hand, the reservoir capacity is relatively small (for example, the discharge/capacity ratio is larger than 20) so that the outflow rate is able to strongly influence the outflow temperature. The Jinghong Reservoir matches both requirements mentioned above. 
Impact of the Impoundment
In order to examine the overall impact of the impoundment of the Jinghong Reservoir, we established scenario S1, where the Jinghong Dam was removed and the reservoir recovers to the pre-damming state. During the study period, the water temperature for CTL warmed up by about 3 • C on average. However, when the reservoir returned to the natural river state, the temperature increment was not as significant as for the post-impoundment, with an increment of only 1.7 • C, which was about half the case during the reservoir's operation ( Figure 14) . That is to say, the impoundment of the Jinghong Reservoir alone can explain nearly half (1.3 • C) of the water temperature increment from the NHS to the YHS. Based on the findings of Section 4.3, after the impoundment, the residence time extended from 3 days to 11 days. The period available to absorb solar radiation has been prolonged. Thus, a higher water temperature increment is reached. Figure 14 . Simulated water temperature during the study period by CTL and S1 at the YHS, and measured water temperature at the NHS and historical water temperature (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) at the YHS.
Research Limitations
Though thorough investigation has been conducted, research limitations due to data availability are not ignorable. Firstly, no continuously measured water temperature data on the Lancang River can be found in the previous studies. Therefore, we conducted a field measurement so as to obtain the water temperature information from November 2014 to February 2016. On the other hand, we only obtained daily solar radiation values from January 2014 to May 2015. Therefore, the study period has been greatly shortened. However, the focus of this study is the explanation of the phenomenon, and a study duration shorter than a full year would not undermine its credibility.
In addition, the influence of the operation rules of the dam have not been directly assessed in this research. In this study, the operation rules have been lumped inside the outflow rate, which is only juxtaposed with outflow water temperature so as to indicate the relation among the two. In which way the operation rules would be most favorable to the downstream environment will be another direction of study in our future research.
Conclusions
The temperature characteristics of a river are important due to their strong influence on environmental conditions and aquatic creatures. The impact of reservoirs on downstream water temperature has triggered researchers' concerns worldwide as reservoirs usually release water from deep outlets, in most cases, resulting in a cold water thermal regime downstream. However, the water temperature downstream of the Jinghong Reservoir has increased by 3.0 • C annually compared with historical conditions, according to the observational data. In this study, a Jinghong Reservoir 3D model was established using the Delft3D-FLOW model to explore the unique heating processes of the Jinghong Reservoir on water temperature.
The simulated water temperatures at the outlet showed good agreement with measurements at the Jinghong dam. Comparing the actual operation scenario (CTL) with the pre-damming scenario (S1), it was indicated that the impoundment of the Jinghong Reservoir could explain 1.3 • C (about a half) of the water temperature increase compared to historical values, while the rest might be an accumulated effect by the impoundment of the upstream cascade reservoirs.
Further, this study examined the major factors (solar radiation, atmosphere-water heat conduction) which can potentially influence the water temperature. Numerical experiment results show the contribution of solar radiation to the water temperature increment is up to 106.7%, which consists in the dominating factor. On the other hand, the contribution of the air temperature to the water temperature increment is about −6.7%, which implies that the atmosphere-water heat conduction would result in a decrease of the water temperature during the study period.
Experiment results with different outflow rates (F1-F8) showed that the outflow rate could substantially influence the outflow water temperature because of the variations in the residence time. The residence time is determined by the outflow rate; higher residence time means that the water body absorbs more solar energy and results in a larger temperature increment. After the impoundment of the Jinghong Reservoir, the residence time extended from 3 days to 11 days. The prolonged solar radiation absorption duration is the main reason for its temperature raise.
In conclusion, the Jinghong Reservoir alone could not fully explain the temperature increases compared to historical data since this is also dependent on the accumulated effect by the cascade of dams along the mainstream Lancang River. In the future, a model of the entire cascade of reservoirs should be implemented, in order to improve the assessments of water temperature in pre-dam and post-dam eras. 
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